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have anunplugged anddynamicmodel of theNPC ready dissociate from the NPC would be in favor of a mecha-
nism in which these nucleoporins can bind and escortto test the various debated NPC translocation models.
Another recent study has also revealed that the NPC cargo during nuclear transport.
The work of Beck et al. (2004) and Rabut et al. (2004)is a highly dynamic structure. Rabut et al. (2004) mea-
sured the dissociation rate of nucleoporins from NPC demonstrates that the NPC is not a stationary structure.
Particular components of the NPC are able to changein living cells. For their study, 19 of the 30 nucleoporins
were tagged with green fluorescent protein (GFP) and their morphology and several nucleoporins are mobile.
With this new knowledge of the NPC structure and dy-expressed in mammalian cells. Monoclonal cell lines
expressing GFP-tagged nucleoporins were then ana- namics, scientists will now be able to test models for
nuclear transport.lyzed by inverse fluorescence recovery after photo-
bleaching (iFRAP). For this technique, most of the cells
were bleached, and the loss of fluorescence in the un- Nelly Pante´
bleached region was recorded over time. Using a simple Department of Zoology
model of nucleoporin association with the NPC, Rabut University of British Columbia
et al. (2004) then calculated the rate of dissociation of 6270 University Boulevard
nucleoporins from theNPC for the 19nucleoporins. Their Vancouver, British Columbia V6T 1Z4
analysis yielded three dynamic classes of nucleoporins: Canada
scaffold, adaptor, and dynamic nucleoporins. The scaf-
Selected Readingfold nucleoporins (10 of the 19 nups studied) were very
stable proteins with extremely low dissociation rates;
Akey, C.W., and Radermacher, M. (1993). J. Cell Biol. 122, 1–19.they correspond to the nucleoporins located in the lume-
Beck, M., Fo¨rster, F., Ecke, M., Plitzko, J.M., Melchior, F., Gerisch,nal spoke ring. The adaptor nucleoporins (6 of the 19
G., Baumeister, W., andMedalia, O. (2004). Science 306, 1387–1390.
nups studied) were mobile with dissociation rates inter-
Hinshaw, J.E., Carragher, B.O., and Milligan, R.A. (1992). Cell 69,
mediate between the scaffold and dynamic nucleopor- 1133–1141.
ins. The dynamic nucleoporins (3 of the19 nups studied) Pante´, N., and Aebi, U. (1996). Science 273, 1729–1732.
were highly mobile with high dissociation rates. It was Pante´, N., and Kann, M. (2002). Mol. Biol. Cell 13, 425–434.
surprising to find the gp210 nucleoporin in the later
Rabe, B., Vlachou, A., Pante´, N., Helenius, A., and Kann, M. (2003).
group. This nucleoporin is located in the lumenal spoke Proc. Natl. Acad. Sci. USA 100, 9849–9854.
ring of the NPC with most of its mass in the perinuclear Stoffler, D., Feja, B., Fahrenkrog, B., Walz, J., Typke, D., and Aebi,
space. The iFRAP data for the other two dynamic U. (2003). J. Mol. Biol. 328, 119–130.
nucleoporins (Nup50 and Nup153) were consistent with Rabut, G., Doye, V., and Ellenberg, J. (2004). Nat. Cell Biol. 6, 1114–
1121.a model in which the NPC has two binding sites for
each of the nucleoporins. Having nucleoporins that can Yang, Q., Rout, M.P., and Akey, C.W. (1998). Mol. Cell 1, 223–234.
signals influencing survival andacts in response to theseOn the InterAktion between
cues in a dominantmanner. The serine-threonine proteinHexokinase and the Mitochondrion kinase Akt, also known as protein kinase B, is a potent
antagonist of cell death but also mediates many of the
metabolic actions of the anabolic hormone insulin, impli-
cating similar signaling pathways in the regulation ofThe protein kinase Akt is now well recognized as a
apoptosis and metabolism (Cho et al., 2001; Datta et
potent inhibitor of apoptosis. Work published by Ma-
al., 1999). In the December 3rd issue of Molecular Cell,
jewski et al. in the December 3rd issue of Molecular
Majewski et al. provide compelling evidence that amajor
Cell indicates that a major pathway by which Akt sup- mechanism by which Akt suppresses apoptosis as initi-
presses cell death is by stimulating the translocation ated by the mitochondrion is by eliciting the transloca-
of hexokinase to the mitochondrion. Hexokinase, in tion of hexokinase to this organelle (Majewski et al.,
turn, antagonizes the release of mitochondrial cyto- 2004).
chrome C. Hexokinase catalyzes the initial step in intracellular
glucose metabolism. Though often associated with reg-
One of the remarkable properties of higher eukaryotic ulation of glycolysis, phosphorylation of glucose by
cells is their capacity to command not only elaborate hexokinase also determines flux into pathways leading
mechanisms for maintaining survival but also equally to glycogen synthesis and the hexose monophosphate
intricate strategies for committing suicide. This range shunt (pentose phosphate pathway). Over 40 years ago,
of cellular actions can be thought of as a continuum of it was recognized that a substantial portion of hexoki-
response to stress, in which the cell first uses its re- nase exists in the cell associatedwithmitochondria (Wil-
sources to adapt to trauma, but failing that, incites a son, 2003). In this location, hexokinase preferentially
deliberate self-demise. This view predicts an intimate utilizes as substrate ATP produced by oxidative phos-
relationship between survival and metabolism such that phorylation rather than relying on cytoplasmic nucleo-
when the latter is sufficiently disrupted, “programmed” tide. Thismakeswonderful sense, sincewhen (for exam-
cell death ensues. Themitochondrion serves as the cen- ple) hexokinase is needed to initiate the replenishment
tral integrator ofmetabolismandapoptosis as it continu- of depleted energy, its substrate ATP might well be
low in the cytoplasm. Hexokinase binds to the outerally assesses the cellular energy state or presence of
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mitochondrial membrane at places where the latter con- during synthesis of new molecules. For example, prod-
ucts of hexokinase-dependent pathways include glyco-tacts the inner membrane, for it is here that it finds its
binding partner, the voltage-dependent anion channel gen, citric acid cycle intermediates required for amino
acid synthesis, as well as acetyl-CoA and (from the hex-(VDAC), also know as porin (Wilson, 2003). This places
the complex in close associationwith the adenine nucle- ose monophosphate shunt) NADPH for lipogenesis. In
order for glycolysis to generate sufficient ATP for theseotide translocator (ANT), which spans the inner mito-
chondrial membrane and facilitates the exchange of cy- anabolic processes and yet spare oxidation of essential
biosynthetic precursors, theremust be exquisite coordi-toplasmic ADP for mitochondrial ATP. Thus, it is likely
that not only does hexokinase rely onmitochondrial ADP nation of hexokinase activity and oxidative phosphoryla-
tion. Might the Akt-stimulated translocation of hexoki-as substrate, but the enzyme also influences the rates
of oxidative phosphorylation by affecting the supply nase also be important to other biological processes
regulated by Akt? In addition to suppressing apoptosisof ADP.
In an earlier study, Hay and his colleagues reported andmediating the action of insulin, Akt is equally famous
for promoting cell growth (Verduet al., 1999). The actionsthat constitutively active Akt promotes redistribution of
hexokinase tomitochondria and that forced overexpres- of Akt on hexokinase lead to an attractive hypothesis
regarding how survival, anabolic metabolism, and growthsion of hexokinase antagonizes apoptosis (Gottlob et
al., 2001). Now, Majewski et al. extend these studies by could be connected. Akt-dependent association of hex-
okinase with mitochondria serves to tightly link glycoly-selectively displacing hexokinase from themitochondria
and observing an increased sensitivity to proapoptotic sis with oxidative phosphorylation. Under conditions of
growth or nutrient storage, the cell must generatestimuli (Majewski et al., 2004). This is antagonized by
addition of insulin-like growth factor 1, as long as the enough energy to support maintenance of basic func-
tions as well as biosynthetic reactions. In addition, glu-cell expresses sufficient Akt to convey the signal for
redistribution of hexokinase and subsequent suppres- cose metabolism has to supply substrate for assembly
of macromolecules. It is reasonable to posit that thesion of apoptosis. How then does hexokinase carry out
its prolife position? Majewski et al. (2004) show that Akt-regulated translocation of hexokinase to the mito-
chondrion provides the essential control point for inte-hexokinase antagonizes mitochondrial release of cyto-
chrome C, but the mechanism underlying this is less grating energy state and substrate supply, and might in
fact participate in driving growth and anabolism.clear. The proapoptotic Bcl-2 family member Bax com-
petes with hexokinase for binding to VDAC, and there The work of Majewski et al. provides a dramatic illus-
tration of how classicmetabolic pathways exert a strongis some evidence that hexokinase works by displacing
Bax from the pore (Pastorino et al., 2002). However, influence over cell survival. In addition, it might provide
important clues as to how a primitive pathway designedMajewski et al. also demonstrate that, even in the ab-
sence of Bax and Bak, Akt can still antagonize cyto- to supply cellular energy could, with relatively minor
adaptations, evolve into a coordinated network control-chrome C release and apoptosis by promoting the bind-
ing of hexokinase to mitochondria. To a certain degree, ling apoptosis, growth, and nutrient storage.
establishing the mechanism by which hexokinase pre-
vents apoptosis depends on understanding exactly how Morris J. Birnbaum
cytochrome C release is triggered. At present there are Howard Hughes Medical Institute
at least two prevalent models: (1) opening of a pore Department of Medicine
represents the primary event, or (2) closure of the VDAC University of Pennsylvania School of Medicine
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Datta, S.R., Brunet, A., and Greenberg, M.E. (1999). Genes Dev.Bcl-2, hexokinase requires a metabolizable sugar to
13, 2905–2927.block apoptosis. In the short term, only phosphorylation
Gottlob, K., Majewski, N., Kennedy, S., Kandel, E., Robey, R.B., andof hexose is necessary, but over a longer period the
Hay, N. (2001). Genes Dev. 15, 1406–1418.
effect of hexokinase requires further metabolism of glu-
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case, the conversionof glucose to glucose-6-phosphate (2004). Mol. Cell 16, 819–830.
(G-6-P) is critical to anti-apoptosis, and Majewski et al. Newmeyer, D.D., and Ferguson-Miller, S. (2003). Cell 112, 481–490.
suggest that a G-6-P-dependent dynamic equilibrium Pastorino, J.G., Shulga, N., and Hoek, J.B. (2002). J. Biol. Chem.
of hexokinase between the cytoplasm and the mito- 277, 7610–7618.
chondrion is essential to keeping the VDAC open. An Rathmell, J.C., Fox, C.J., Plas, D.R., Hammerman, P.S., Cinalli, R.M.,
alternative explanation is that the open state somehow and Thompson, C.B. (2003). Mol. Cell. Biol. 23, 7315–7328.
requires the continued flux of nucleotide through the Vander Heiden, M.G., Chandel, N.S., Li, X.X., Schumacker, P.T.,
VDACor ANT, and this is providedby the consumptionof Colombini, M., and Thompson, C.B. (2000). Proc. Natl. Acad. Sci.
USA 97, 4666–4671.ATP and production of ADP in the hexokinase reaction.
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